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A B S T R A C T
Due to the growth of commercial activities in port of Lengeh in south Iran, it was necessary
to rehabilitate and upgrade the existing airport which is almost one hundred years old.
Severe distresses that occurred in runway and other aircraft operational areas required
that the bearing capacity of the existing pavements should be increased. Limited
dimensions of the runway and other operational areas in the airport (i.e. runway, taxiway
and apron) required these to be extended and widened.
A full recycling program was planned including sub-grade and sub-base stabilization
with lime in widening areas and base strengthening with foam bitumen and cement slurry
in both existing and new constructed sections. The mix design for the foam bitumen
cement bonded mix was performed using both Indirect Tensile (ITS) and Unconﬁned
Compressive Strength (UCS) Testing. To avoid extra stiffening of foam-bitumen cement
slurry stabilized layer that could lead to formation of fatigue cracking, Marshall Quotient
was established to obtain the optimum cement content. The results showed that CBR
values of the sub-grade and sub-base layers were increased appreciably by adding 4%
hydrated lime powder, hence the local material was successfully used to construct these
layers. In addition, foam-bitumen cement treated base layer was gained ITS and UCS
strength values well above the speciﬁcation requirement. Using the mentioned
stabilization and recycling methods resulted in protection of the environment and
savings in construction time and virgin materials.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Background
Foam bitumen has been used as a stabilizing agent in pavement since 1956 (Csanyi, 1957). After modiﬁcation its
production process from injecting steam to cold water into hot bitumen in 1976 (Muthen, 1998), and also introducing new
machineries in the market in mid-1990 (Mohammad et al., 2003), numerous road and highway stabilization and recycling
projects performed using this technology (Wirtgen Cold Recycling Technology, 2012; Geoff, 2013). Although there are many
case studies available for using of foam bitumen in road and highway recycling and stabilizations, there are few studies on
using this technology in the airport pavement construction.
Foam bitumen stabilization was introduced into Iran in 1998. For the ﬁrst time, an airport runway was constructed in
Assalouyeh, south of Iran, using lime stabilization of subgrade and sub-base layers and foam bitumen-cement stabilization of* Corresponding author. Tel.: +98 21 88756167 8; fax: +98 21 88735501.
E-mail address: leila_hashemian@yahoo.com (L. Hashemian).
http://dx.doi.org/10.1016/j.cscm.2014.08.002
2214-5095/ 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/3.0/).
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great saving in time and also environmental protection beneﬁts. Afterward, this technique was used for construction and
rehabilitation of different road and highways in Iran and also construction of Ardebil International Airport Intersecting
Runway in 2006. As Kavussi and Hashemian reported (Kavussi and Hasheman, 2008), by using this method, besides all the
environmental and economical beneﬁts, total construction time was reduced appreciably that was of great importance as the
seasonal working time of the area was quite short due to the cold climate of the region. Between all of the constructed
airports with this technology in Iran, Bandar Lengeh airport is the best example of using this technology in both pavement in-
suite recycling and also stabilization using the local material at the same time. This case study is also a very good example of
using local unsuitable soil for the base and sub-base layers by strengthening the layers applying of hydrated lime powder.
Despite of the wide range of using foam bitumen stabilized materials all around the world, there is no standard mix
design procedure established for these mixes yet. According to South African Technical Guideline (Guideline for the Design
and Construction, 2009), the major mechanical properties of these mixes could be evaluated using Indirect Tensile Strength
(ITS) and Unconﬁned Compressive Strength (UCS) test methods. The major challenge of using these test methods is the lack
of controlling the ﬂexibility of the mixes, while it is quite common to add a few amount of pozzolanic and cementitious
materials such as cement or lime powder to increase tensile strength. The addition of mentioned additives could be resulted
in excessive stiffening of the mixture which leads to formation of fatigue cracking in foam stabilized layer (Guideline for the
Design and Construction, 2009). In this study, to control this inappropriate phenomena, besides the ITS and UCS tests,
Marshall stability test was performed on all of the samples. By establishing an acceptable range for Marshall Quotient value
(ratio of Marshall Stability to ﬂow), the acceptable amount of applied cement was calculated.
2. Introduction
Port of Lengeh is located in Hormozgan province in south Iran, facing Persian Gulf. The weather in the area is hot during
the summer and mild in winter. Airport of Lengeh which was opened in 1918, is the second airport constructed in Iran. Due to
the commercial growth of the area, a program was planned in order to rehabilitate the old airport. This consisted of
extending the runway and strengthening the pavements of runway, taxiway and apron. In the rehabilitation program, two
processes were carried out. In a full recycling process, the subgrade and sub-base layers were stabilized with lime and in the
upper layers (i.e. the base and asphalt layers) a combination of foam bitumen and cement slurry was applied.
3. Airﬁeld rehabilitation plan
The existing runway was 2000 m long and 45 m wide. It contained also 2 m  15 m asphalt paved shoulders. The taxiway
was 140 m long and 30 m wide. The apron dimension was 135 m  86 m. Several severe distresses were observed on the
pavements, including shrinkage cracking, raveling and fatigue cracking.
The aim was to upgrade the airport so that it could be operated by B737-400 aircrafts. According to the design
speciﬁcation, the runway length and width should be extended to 2800 m and 60 m respectively and the taxiway width to
38 m. The apron length was also planned to be extended to 205 m.
3.1. Pavement rehabilitation program
Based on ﬁeld and laboratory testing results of the sub-grade and the planned trafﬁc design, if the pavement had to be
reconstructed, the conventional pavement design of the whole pavement would be as it follows:- 100 mm bituminous overlay,
- 100 mm black base layer,
- 200 mm granular base,
- 150 mm granular sub-base,
- Filling layers (as required) to get to sub-grade project level.
With the aim of recycling the existing pavement layers and at the same time strengthening the aged and distressed
pavement, the following approaches were taken:- The top asphalt layers of the existing area were removed and were placed on the pavement sides to be used in the widening
sections.- The rest of the existing pavement, including part of the base and asphalt layers was recycled applying foam bitumen
and cement slurry.- In order to have a homogenous pavement in the widening area, the lower layers were stabilized applying hydrated lime.
On the upper layers, the above same strengthening method using foam bitumen and cement slurry was applied, although
the materials were a combination of the existing area milled asphalt and imported virgin aggregates.
Considering the above construction processing, the following pavement design was approved for the widening area:
Table 1
Testing results of granular material.
Layer Lime content (%) CBR (%) OMC (%) Density (kg/cm3)
Subgrade (Comp. 95%) 0 9 9.7 1.9
1 13 10.5 1.88
2 18 11 1.84
3 24 11.5 1.84
4 32 11.7 1.82
Filling (Comp. 100%) 0 28 8.8 2.06
1 32 9 2.05
2 42 9.2 2.04
3 53 9.5 2.01
4 61 9.6 2
Subbase (Comp. 100%) 0 51 8.3 2.11
1 57 8.5 2.09
2 66 8.7 2.07
3 76 8.9 2.05
4 84 9.1 2.03
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- 150 mm foam bitumen-cement treated base,
- 400 mm lime stabilized sub-base layer (CBR = 80 at 100% compaction level),
- Filling layers consisting of local materials stabilized with lime up to the project level (CBR = 60 at 100% compaction level).
- 300 mm lime stabilized prepared sub-grade (CBR = 20 at 95% compaction level).
And for the existing area:- 100 mm bituminous overlay,
- 250 mm foam bitumen-cement treated base.
4. Pavement mixture design
4.1. Lime stabilized layers
The natural sub-grade in the project area was consisted of rather weak sandy-silt materials. Filling materials were a
combination of 50% excavated sub-grade soil in cutting areas plus 50% of a local quarry material. For sub-base construction a
local quarry material was selected. The CBR values of the Subgrade, Filling material and sub-base material were 9, 28 and
51%, respectively. These values were quite lower than the values that were assumed in the pavement design.
With using lime, mechanical properties of all type of the soil mixes were increased appreciably. Table 1 reports the CBR
testing results of the stabilized soil at different lime contents and moisture levels.
Considering that lime stabilized soils will have increased strength upon curing in time (Jones, 2011; Hashemian
and Kavussi, 2008) and with reference to Table 1, strengthening the prepared sub-grade, ﬁlling material and also subbase
soil by adding 4% lime at desired compaction level (95% for subgrade and 100% for ﬁlling and subbase layers) was
recognized to be satisfactory. As it is reported in this table, the CBR values of stabilized subgrade, ﬁlling and subbase layers
were calculated to be 32, 61 and 84%, respectively that are well above the speciﬁcation limits.
4.2. Foam-bitumen stabilized base
Two mixture designs were selected for foam bitumen stabilized base layers. For the existing pavement, the top 100 mm of
the existing asphalt material was milled and deposited. The remaining 150 mm of the existing asphalt material plus 100 mm
of the existing base materials were milled and were mixed together applying foam bitumen and cement slurry.
In the widening area, 75 mm of the deposited asphalt material and 75 mm of a local source of aggregates were mixed
together. The ﬁnal aggregate gradations of these mixtures are shown in Fig. 1 as gradations A and B respectively. It can
be seen that both gradations were suitable for producing foam bitumen stabilized bases according to South African’s
Technical Guide (Guideline for the Design and Construction, 2009).
4.2.1. Foam bitumen characteristics
A Wirtgen WLB10 laboratory scale foam making unit was used to manufacture foam bitumen laboratory samples
(Wirtgen Cold Recycling Technology, 2012). Two main characteristics of the foam bitumen were determined (Expansion
ratio: maximum volume of foam relative to the original volume and the half life time (i.e. the time taken in seconds for
the foam to collapse to half of its maximum volume)).
Fig. 1. Aggregate gradations of foam bitumen stabilized base layer.
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is recommended by some technical speciﬁcation agencies (Guideline for the Design and Construction, 2009; Jones, 2011).
The characteristics of the designed foam bitumen were as it follows:- Added water: 2%,
- Expansion ratio: 18; and,
- Half life time: 29 s.
4.2.2. Compaction and curing
In order to prepare the laboratory mixes, after mixing aggregates with foam bitumen, specimens 100 mm in diameter
having a height of 63 mm were compacted applying Marshall Hammer at 75 blows per sample sides. The samples were
left for 24 h at ambient temperature. Then were removed from the molds and were kept in an oven at 40 8C for 72 h.
After being cooled to room temperature, the sample densities were determined according to South African’s Technical
Guide (Guideline for the Design and Construction, 2009).
4.2.3. Mechanical testing
Foam bitumen mixes containing different amounts of cement (at low level cement contents) were tested under Marshall
and ITS (Indirect Tensile Test) tests. Because of the poor coating of the coarse aggregate particles in the foam bitumen
processing, all the conventional Marshall parameters could not be determined (Hashemian and Kavussi, 2008). Hence,
the stability and ﬂow values were measured only.
ITS testing was performed on both dry and soaked samples. These were then kept in water for 24 h at 25 8C. Tensile
Strength Ratio (TSR), deﬁned as the ratio of tensile strength of the dry samples to the tensile strength of the saturated
samples, was determined.
As for the project requirements, the key ITS parameters, UCS, Marshall Stability and Marshall Quotient (Q) were set to
meet the following minimum limits:- Dry ITS: 300 kPa,
- Soaked ITS: 200 kPa,
- TSR: 50%,
- UCS: 12–35 kg/cm2,
- Marshall Stability: 700 kg,
- Marshall Quotient: 150–600 kg/mm.
4.2.4. Optimum bitumen content
In order to perform the mixture design and determine the percentage of optimum bitumen content, samples in the two
gradations (A and B) were prepared, containing various amounts of foam bitumen. These were then tested in ITS under dry
and soaked conditions. In order to enhance mechanical properties of mixes and their resistance to moisture, cement was
added at different amounts. The effects of cement on enhancing foam bitumen mix strengthening properties are well known
(Halles and Thenoux, 2009; Saleh, 1952; Al-Abdul Wahhab et al., 2012). However, excess cement would result in too much
stiffening of mixes leading to shrinkage cracking. Hence, Marshall Quotient was determined so that to control this
Table 2
Testing results of foam bitumen treated materials (gradation A).
Foam bitumen
(%)
Cement
(%)
Density
(g/cm3)
Optimum moisture
(%)
ITS (kPa) TSR
(%)
Marshall stability
(kg)
Flow
(0.01 mm)
Q (kg/mm)
Dry Soaked
1.0 1.3 2.00 6.4 250 155 62 1225 405 302
1.5 1.3 1.98 6.3 264 167 63 1170 360 325
2.0 1.3 1.96 6.2 279 215 77 1050 330 318
2.5 1.3 1.94 6.5 310 235 76 915 300 305
3.0 1.3 1.93 6.5 299 218 73 815 290 281
3.5 1.3 1.92 6.3 225 205 91 785 285 275
4.0 1.3 1.91 6.4 185 164 89 700 280 250
4.5 1.3 1.90 6.3 175 155 89 525 270 194
Table 3
Testing results of foam bitumen treated materials (gradation B).
Foam bitumen
(%)
Cement
(%)
Density
(g/cm3)
Optimum moisture
(%)
ITS (kPa) TSR
(%)
Marshall stability
(kg)
Flow
(0.01 mm)
Q (kg/mm)
Dry Soaked
1.0 1.3 2.05 6.6 225 195 87 1650 465 355
1.5 1.3 2.03 6.5 272 235 86 1590 425 374
2.0 1.3 2.02 6.7 285 243 85 1455 415 351
2.5 1.3 2.01 6.5 315 265 84 1375 385 357
3.0 1.3 1.98 6.6 325 272 84 1245 350 356
3.5 1.3 1.96 6.4 310 212 68 1095 320 342
4.0 1.3 1.94 6.7 265 207 78 965 295 327
4.5 1.3 1.93 6.8 248 190 77 795 275 289
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samples at room temperature, the optimum amount of cement was determined to be 1.3%. The ﬁnal results of the above
mentioned mechanical testing is reported in Tables 2 and 3 for the two selected grading.
As it is reported in Table 2, by adding 2.5% of foam bitumen to the mixture with gradation A, the dry and soaked ITS
values will increase to 310 and 235 kPa respectively and the TSR value would be 76%. Marshall Quotient value was calculated
to be 305 kg/mm and as it was expected, it was in the acceptable range. Table 3 shows that for the mixture with gradation B,
the addition of 3% foam bitumen would result in achieving to the best amounts of dry and soaked ITS values well above
the speciﬁcation limits (325 and 272 kPa for dry and soaked ITS respectively). Accordingly, TSR value was calculated to be
84% and Marshall Quotient was 356 kg/mm.
Unconﬁned Compressive Strength (UCS) testing was also performed on mixes at their optimum bitumen and cement
contents. The value of UCS was found to be 24.7 and 21.6 kg/cm2 for mixes with gradations A and B respectively that was
between the speciﬁcations limits.
5. Construction practice
5.1. Cold recycling process in existing area
The top 100 mm of the asphalt layer of the runway, taxiway and apron pavement was removed using a milling machine. It
was deposited to be used in widening areas. The remaining 150 mm of the asphalt layer and 100 mm of the existing base
granular material were recycled in-place, applying foam bitumen and cement slurry. For this purpose, a train of cold
recycling machineries were used, as it is shown in Fig. 2.
Cement was applied in slurry form from a mixing unit. It was injected into the chamber of the main recycler machine,
while being mixed with aggregates. This method is known as the most efﬁcient means of dispersing cement throughout
the recycled material (Design Procedures, 2013). The stabilized layer was then compacted using a heavy roller to achieve
the speciﬁed densities. After performing the compaction process, the pavement was overlaid with two HMA courses of
coarse and ﬁne grading, 60 and 40 mm thick respectively.
5.2. Construction of the widening areas
5.2.1. Lime stabilized layers
In order to construct the lime stabilized layers in the widening areas, a Wirtgen 2500 recycler machine was used. The
required amount of hydrated lime powder was spread on top of the pavement sub-base and it was mixed with pavement
sub-grade using in-place recycling technique. After mixing, the stabilized layer was compacted using a heavy weight pad
Fig. 4. Stabilization of the widening area.
Fig. 2. Train of cold-in-place recycling machineries.
Fig. 3. Joint details in the widening area.
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pavement layers were performed in designed steps as it can be seen in Fig. 3. This procedure was well performed using the
recycler to achieve a uniform pavement.
5.2.2. Foam bitumen stabilized base
The foam bitumen stabilized base layer was constructed in a total thickness of 150 mm. This consisted of a granular
material from a local quarry and milled asphalt materials. These materials were placed on top of the ﬁnal lime stabilized
layer. The layer was then stabilized using foam bitumen and cement slurry (Fig. 4). After that, a total 100 mm of HMA layers
were placed on top of the recycled layer.
GTable 4
Quality control testing results of lime stabilized foundation layers.
Lime stabilized layer Speciﬁcation limits CBR testing results Compaction testing results
CBR Compaction Ave. CBR SDa Ave. CBR SD
Sub-grade 20 95% 29 5.8 96% 0.70%
Sub-base 80 100% 95 4.8 100% 0.57%
a Standard deviation.
Table 5
Quality control testing results of the stabilized base layers.
Testing location Dry ITS (kPa) SDa Soaked ITS (kPa) SD TSR (%) SD (%) Stability (kg) SD Q (kg/mm) SD
Existing runway 340 23 258 22 76 4 1234 59 373 21
Existing apron 376 41 304 43 81 4 1190 106 329 29
Existing taxiway 375 19 281 19 75 3 1160 52 335 27
Widening areas 356 40 285 39 80 5 1240 61 383 10
Speciﬁcation limits 300 – 200 – 50 – 700 – 150–600 –
a Standard deviation.
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For quality control testing of the constructed layers, several tests were performed at different locations. Compaction and
CBR testing results indicated that in all the testing points, lime stabilized layers had properties above the minimum
speciﬁcation requirements. The results of the quality control testing of the different lime stabilized layers are reﬂected in
Table 4.
ITS and Marshall testing were performed on cold recycled materials and ﬁeld densities were performed after
compaction of the recycled layer. These testing results showed that the properties of the stabilized base were satisfactory.
Table 5 summarizes the testing results.
7. Conclusions
Using lime stabilization and cold recycling with foam bitumen and cement in Bandar Lengeh airport resulted in several
achievements as listed below:- The recycling process resulted in construction time saving, minimal use of virgin aggregates, less transportation of
materials and several other environmental achievements.- Lime stabilization of the pavement sub-grade and sub-base layers resulted in increased pavement bearing capacity and
made it possible to use of local material for airport pavement construction.- The addition of cement would result in increased strength properties of mixes. However, in order to prevent excess
stiffening of the mix, Marshall Quotient can be determined as a simple controlling parameter.- With using pavement recycling machine, the joints between the old pavement and that in the widening area resulted in a
perfect joint between the two pavements.- Quality control testing carried out after construction showed great improvements in pavement properties. This
approves suitability of the laboratory mixture design and the pavement rehabilitation method that were adopted in this
research.
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